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INTRODUCTION 

The p o t e n t i a l l y  r ap id  and accu ra t e  measurement of t h e  carbon d i s t r i b u t i o n  by 
s t r u c t u r a l  types i n  a c o a l  l i q u i d  is an a t t r a c t i v e  a p p l i c a t i o n  of 13C FT-NMR spec t ro-  
scopy. 
der ived  l i q u i d s .  
p r o p e r t i e s  of t h e  H-Coal l i q u i d s  t o  provide  a n a l y t i c a l  suppor t  f o r  t h e  commercial 
development of t h e  H-Coal process(Z) ,  w e  have made f u r t h e r  a p p l i c a t i o n  of quan t i -  
tative FT-BO( technique t o  determine t h e  d i s t r i b u t i o n  of s e v e r a l  t ypes  of a l i p h a t i c  
and aromat ic  carbons i n  t h r e e  H-Coal l i q u i d s .  
of t h e  h igh ly  complex s p e c t r a  based on chemical s h i f t s ,  u se  has  been made o f  the 
d i f f e r e n c e  i n  CMR a b s o r p t i v i t y  of pro tona ted  and qua ternary  carbons as a m e a n s  t o  
d i s t i n g u i s h  between them. We have demonstrated t h e  r e l i a b i l i t y  of t h i s  d i f f e r e n c e  
by comparing t h e  q u a n t i t a t i v e  CMR spectrum of a s imula ted  c o a l  l i q u i d  con ta in ing  30 
peaks (15 each i n  t h e  a l i p h a t i c  and aromat ic  r eg ion )  w i t h  t h e  spectrum of t h e  same 
mixture  obta ined  wi th  a Four i e r  t ransform parameter set wherein t h e  qua te rna ry  
carbons are suppressed. This  d i f f e r e n c e  CMR t echnique  has  been a p p l i e d  t o  t h r e e  H- 
Coal l i q u i d s :  atmospheric s t i l l  overhead (ASO), atmospheric s t i l l  bottom (ASB), and 
vacuum s t i l l  overhead (VSO). 
carbon found i n  these  l i q u i d s .  
i n t o  s i x  subgroups by r i n g  s u b s t i t u t i o n s .  
s t r u c t u r a l  c l a s s i f i c a t i o n  and q u a n t i t a t i o n  of t h e i r  CMR s p e c t r a .  

Extensive CMR work has  been c a r r i e d  ou t  i n  many l a b o r a t o r i e s ( l )  on coa l -  
As p a r t  of a cont inuing  program t o  s tudy  t h e  physicochemical 

I n  o rde r  to confirm t h e  i n t e r p r e t a t i o n  

There i s  no d i s c e r n i b l e  amount of a l i p h a t i c  qua te rna ry  
I n  t h e  a romat ic  reg ion ,  t h e  r i n g  carbons  are d iv ided  

The t h r e e  l i q u i d s  are thus  compared by 

EXPERIMENTAL 

The l i q u e f i e d  coa l  samples under i n v e s t i g a t i o n  were r ece ived  from t h e  I n s t i t u t e  
f o r  Mining and Minera ls  Research, Un ive r s i ty  of Kentucky. The l i q u e f a c t i o n  w a s  
performed by t h e  H-Coal process  involv ing  a c a t a l y s t  i n  t h e  "syncrude" mode with 
r e a c t o r  temperature a t  454OC, e x i t  r e a c t o r  p a r t i a l  p r e s s u r e  of hydrogen a t  2245 ps ig .  
The samples were des igna ted  atmospheric still  overhead (ASO), a tmospher ic  s t i l l  
bottom (ASB), and vacuum still  overhead (VSO). The nominal b o i l i n g  ranges  of t h e s e  
samples are AS0 
chased from Aldr ich  Chemical Co. 

C4 - 2OO0C, ASB 200-350°C, VSO 350-520°C(2). Chemicals were pur- 

A Bruker WH-90DS nuc lea r  magnetic resonance  spec t rometer  w i th  a 10 mm probe  
and a Nico le t  BNC 1180 computer (16 K memory) w a s  used i n  t h e  Four i e r  t ransform 
mode t o  ob ta in  the  I3c s p e c t r a  a t  22.63 MHz. 
using an a c q u i s i t i o n  t i m e  of 0.819s. A 5000 Hz s p e c t r a l  wid th  w i t h  200 microseconds 
dwel l  t i m e  was used i n  a l l  spec t r a .  The q u a n t i t a t i v e  s p e c t r a  were ob ta ined  a t  30° 
pulse  width wi th  5s de lay  between t h e  end of d a t a  a c q u i s i t i o n  and t h e  beginning  of 
t he  nex t  pu l se  fo r%10 ,000  pu l ses .  During t h e  de l ay ,  t h e  pro ton  s p i n  decoupler  w a s  
gated o f f ,  bu t  a 5.0 w a t t  decoupling power w a s  app l i ed  wh i l e  scanning .  The r e l ax -  
a t i o n  agent  Cr (acac ) j  w a s  used a t  20 mg/g of sample. 
suppressed s p e c t r a ,  t h e  fo l lowing  FT parameters were adopted: 900 p u l s e  wid th ,  no  
pulse  de l ay ,  broad band pro ton  decoupling a t  5.0 w a t t  f o r % l O , 0 0 0  s c a n s ,  and no  para- 
magnetic r e l a x a t i o n  agent added. 

The FIDs were accumulated on 8K memory, 

For  t h e  qua te rna ry  carbon- 

The H-Coal samples were prepared by adding 1 .0  g of of t h e  r e s p e c t i v e  
l i q u i d  t o  1 m l  of C D C 1 3  con ta in ing  1% of t e t r ame thy l s i l ane .  
served t h e  purpose of i n t e r n a l  deuterium lock .  For t h e  s imula ted  c o a l  l i q u i d ,  t h e  
fo l lowing  mixture  was made up: t-butylbenzene (69.0 mg, 0.515 mmol), d e c a l i n  (77.2 
mg, 0.559 mmol), t e t r a l i n  (77.5 mg, 0.587 mmol), 2-phenylpentane (76.4 mg, 0.516 

c o a l  
The s o l v e n t  CDC13 a l s o  
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m o l ) ,  and 2,3-dimethylnaphthalene (75.9 mg, 0.487 m o l ) ,  and C D C l  was added 
t o  make a 2 m l  s o l u t i o n .  Wen t h e  s p e c t r a  were c a l i b r a t e d  f o r  i n t e g r a t i o n ,  a 
weighed amount of  dioxane i n  a s e a l e d  c a p i l l a r y  tube was placed along t h e  a x i s  
of t h e  1 0  mm nmr tube w i t h  t h e  a i d  of a vortex-type plug.  

3 

RESULTS AND DISCUSSION 

The qua te rna r  carbons which a r e  devoid of  protons in t h e i r  immediate v i c i n i t y ,  
hence l ack ing  t h e  I 3 C  - 'H d ipole-dipole  r e l a x a t i o n  mechanism, a r e  expected t o  have 
long s p i n - l a t t i c e  r e l a x a t i o n  recovery t imes (T i ) .  This makes t h e  s i g n a l  i n t e n s i t y  
ve ry  dependent on t h e  p u l s e  r e p e t i t i o n  r a t e .  
enhancement (NOE) f o r  the protonated carbons f u r t h e r  accen tua te s  t h e  d i f f e r e n c e  in 
a b s o r p t i v i t y  between t h e s e  two types  of carbons.  Thus, i n  a normal broad band proton 
decoupled C Y 3  spectrum, t h e  quaternary carbons show much reduced s i g n a l  i n t e n s i t i e s  
r e l a t i v e  t o  o t h e r s .  We have q u a n t i t a t e d  t h e  d i f f e r e n c e s  i n  a b s o r p t i v i t y  f o r  carbons 
w i t h  va r ious  l e v e l s  of p ro ton  at tachment  ( l o ,  2O, 3 O ,  and 4') u s ing  a simulated coa l  
l i q u i d  (Cf. Experimental) .  Th i s  m i x t u r e  is comprised of  25 a l i p h a t i c  carbons 
(primary 7 ,  secondary 14, t e r t i a r y  3, and quaternary 1) and 28 aromatic  carbons 
(protonated 20 and qua te rna ry  8) a s  shown below. The a romat i c  and a l i p h a t i c  

The presence of nuc lea r  Overhauser 
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r eg ions  of t h i s  spectrum a r e  shown i n  F igu res  IA and 2A r e s p e c t i v e l y .  
FT parameters tend t o  e q u a l i z e  a l l  s i g n a l  i n t e n s i t i e s  per  carbon u n i t  i r r e s p e c t i v e  
of t h e i r  molecular environment.  Thus, the one a l i p h a t i c  and e i g h t  aromatic  quater-  
na ry  carbons were s e p a r a t e l y  i n t e g r a t e d  t o  y i e l d  a b s o l u t e  va lue  wi th in  
from t h e  t h e o r e t i c a l .  
of Cr(acac) 
a t i o n s  of t z e  s i g n a l  i n t e n s i t i e s  i nc lud ing  suppression of t h e  quaternary carbons were 
r e g i s t e r e d .  
2B r e v e a l  t h e  d i f f e r e n c e s  from those  i n  Figures  IA and 2A. 
t h e s e  changes, t h e  h e i g h t  of each peak i n  both s p e c t r a  was normalized t o  e i t h e r  the 
t a l l e s t  peak a t  6125.47 (protonated carbons I I I c  and Vb) o r  t o  an i n t e r n a l  s tandard 
of dioxane. 
expressed as a r a t i o  t o  t h a t  of t h e  same der ived from t h e  quaternary carbon suppressed 
spectrum t o  show t h e  s i g n a l  i n t e n s i t y  changes i n  the  lat ter spectrum. 
a r e  shown i n  Table  I .  It can be  seen t h a t  t h e  two columns of peak h e i g h t  r a t i o s  
po in t  t o  t h e  same t r end  and ag ree  t o  w i t h i n  7% of dev ia t ion .  Thus, t h e  dioxane 
methylene carbons and t h e  a romat i c  methine carbons IIIc and Vb e x h i b i t  s i m i l a r  
r e l a x a t i o n  c h a r a c t e r i s t i c s  and a r e  both adequate a s  i n t e g r a l  r e fe rences .  I n  the  

This  s e t  of 

5% dev ia t ion  
On t h e  o t h e r  hand, when t h e  spectrum was taken i n  t h e  absence 

using broad band decoupl ing a t  90' pulse  width and no de lay ,  v a s t  v a r i -  

The r e s p e c t i v e  aromatic  and a l i p h a t i c  r eg ions  shown i n  F igu res  1 B  and 
In orde r  t o  q u a n t i t a t e  

The normalized peak h e i g h t  of each peak i n  the  q u a n t i t a t i v e  spectrum is 

These r e u l t s  
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nonquan t i t a t ive  spectrum, t h e  e i g h t  quaternary aromatic  carbons appearing i n  5 
peaks average a 5 f o l d  dec l ine .  
i nc rease  by ~ 2 0 %  per  carbon. 
4.7 f o l d ,  while  t h e  14 peaks r ep resen t ing  3 t e r t i a r y ,  14 secondary, and 7 primary 
a l i p h a t i c  carbons average an inc rease  of 0%, 37%,  and 43% per  carbon r e spec t ive ly .  
Although these peak enhancements of  va r ious  protonated carbons are similar, hence 
no t  d i agnos t i c  of t h e  ex ten t  of proton attachment,  i t  is  demonstratably c l e a r  t h a t  
t h e  quaternary carbons can be  confirmed by t h i s  d i f f e r e n c e  CMR method due t o  t h e i r  
pronounced peak he igh t  changes. 

The twenty protonated carbons i n  t e n  peaks 
The s i n g l e  a l i p h a t i c  quaternary carbon is  suppressed 

Thus, t he  H-Coal l i q u i d s  ASO, ASB, and VSO w e r e  submit ted t o  c l o s e  examination 
by t h e  d i f f e r e n c e  CMR technique. 
regions a r e  shown i n  F igu res  3 and 4 r e spec t ive ly  
and Figures  7 and 8 f o r  VSO. I n  each f i g u r e ,  spectrum A i s  t h e  q u a n t i t a t i v e  type  
and B t h e  qcaternary carbon-suppressed type.  Those peaks which have disappeared o r  
decl ined i n  i n t e n s i t y  by a t  l e a s t  3.8 f o l d  f o r  AS0 and ASB and a t  l e a s t  2 f o l d  f o r  
VSO a r e  ass igned t o  t h e  quaternary aromatic  compounds e i t h e r  a s  b r i d g e  carbons i n  a 
*condensed r i n g  system o r  carbons t o  which a l k y l  o r  a r y l  s u b s t i t u e n t s  are a t t ached .  
The remainder of t h e  aromatic  resonances t h e r e f o r e  belong to t h e  protonated carbons.  
It is i n t e r e s t i n g  t o  n o t e  t h a t  t h e  a l i p h a t i c  r eg ions  f o r  a l l  t h r e e  l i q u i d s  show no 
d i s c e r n i b l e  d i f f e r e n c e  when the  two types  of spectrum a r e  compared, i n d i c a t i n g  t h e  
absence of quaternary branching i n  t h e  s a t u r a t e d  carbon ske le tons .  

The comparisons f o r  t h e  aromatic  and a l i p h a t i c  
f o r  ASO, F igu res  5 and 6 f o r  ASB, 

The chemical s h i f t s  of unsubs t i t u t ed  carbons i n  mono, d i ,  t r i ,  and t e t r a  aromatic 
r i n g  systems f a l l  i n  a narrow range of 123 - 130 ppm(394). When t h e  benzene r i n g  
bea r s  heteroatom s u b s t i t u e n t  such a s  OH o r  OR, t h e  protonated carbons are s h i f t e d  
up f i e ld  considerably,  e.g.  t o  113 ppm i n  m-cresol and t o  106 ppm 
I n  t h e  re io@ of 130-133.8 ppm, most of t h e  condensed-ring b r i d g e  carbons can b e  
found(394Y. -However, i n  a h igh ly  condensed system such as pyrene, t h e  i n t e r i o  
b r idge  carbons r e sona te  a t  125 ppm due t o  t h e  a n i s o t r o p i c  r i n g  c u r r e n t  e f f ec t f3 ) .  
The 133.8 - 137 3 
methylben~enes( : .~P Short  cha ins  (E t ,  P r ,  i P r ,  e t c . )  tend t o  s h i f t  t h e  s u b s t i t u t e d  
carbons downfield t o  149 ppm(3,5). 
p a r t i c u l a r l y  gem-substi tuted tetralins can b r i n  
140 's(3) .  Biphenyls a l s o  appear i n  t h i s  regionPf5). Beyond 149 pm, t h e  aromatic 
carbons ca r ry ing  a heteroatom group such a s  OH o r  OR appear(lCs5P. Such chemical 
s h i f t  a n a l y s i s  i n  combination with t h e  d i f f e r e n c e  CMR method t o  determine t h e  quater- 
nary and protonated carbons permit a reasonable  i n t e r p r e t a t i o n  of t h e  aromatic  reson- 
ances i n  t h e  H-Coal l i q u i d s .  In  Table 11, t h e  d i s t r i b u t i o n  of t h e  aromatic  carbons 
i n  ASO, ASB, and VSO are shown a s  obtained from t h e  i n t e g r a t i o n  of t h e  chemical s h i f t  
regions ind ica t ed .  
ASB and at 124.7 i n  VSO may be a t t r i b u t e d  t o  h igh ly  condensed i n t e r i o r  carbon. 
absence of o the r  reduced s i g n a l s  i n  t h e  123 - 130 ppm reg ion  confirms t h e  assign-  
ment of t h i s  r eg ion  t o  t h e  protonated carbons.  The p a t t e r n s  of the d i s t r i b u t i o n  of 
aromatic carbons i n  t h e  t h r e e  l i q u i d s  gene ra l ly  denote  t h e  more condensed r i n g  systems 
with higher  branchings i n  t h e  VSO l i q u i d ,  whereas AS0 and ASB a r e  more similar. 

i n  benzofuran(5).  

pm region is appropr i a t e  f o r  s u b s t i t u t e d  carbons i n  t e t r a l i n  and 

Also,  an a l k y l  s u b s t i t u e n t  at  C-8 i n  t e t r a l i n  and 
t h e  b r idge  carbon C-8a t o  t h e  

The one quaternary carbon de tec t ed  i n  AS0 a t  127.1, at 124.4 i n  
The 
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Table  I .  Rat ios  o f  Carbon Peak Heights  from Q u a n t i t a t i v e  and Qua te rna ry  
Carbon Suppressed CNR Spec t r a  of t h e  Simulated Coal Liquida  

A. Aromatic Region 

Peak Heirrht Ra t ios  b Peak 6 A s s  ienment 
N O  

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
1 2  
13 
1 4  
1 5  

16  
1 7  
18 
19 
20 
2 1  
22 
2 3  
24 
25 
26 
27 
28  
29 
30 

TMS = 0 Not at i o n  

151.0 
147.9 
137.1 
135.4 
132.5 
129.1 
128.3 
128.1 
127.4 
127.0 
126.9 
125.8 
125.5 
125.3 
125 .O 

B. A l i p h a t i c  Region 

43.5 
40.8 
39.7 
35.4 
34.6 
34.3 
31.3 
29.4 
26.8 
24.8 
23.3 
22.3 
20.9 
20.1 
14.2 

I f  
I V i  
IIIe 
Vf 
V e  
I I I d  
IVh 
Ie 
Vd 
IVg 
vc 
IVf 
I I Ic ,Vb 
I d  
I C  

I I f  
I V e  
IVd 
IIe 
I b  
I I d  
I a  
I I b ,  I Ic  
I I b  
I Ia  
IIIa 
I V C  
IVb 
V a  
IVa  

Carbon 
5 P e  

4O 
4O 
4O 
40  
40 
3 O  

30 
30 
30 
3 O  

30 
3 O  
30,30 
3 O  
3 O  

3" 
3 O  

20 
3 O  
40  
20 
lo 

20 
20 
20 
lo 
2O 
10 
lo 

20,2O 

- 
In t e mal 
Reference' 

6.4 
5.7 
4.5 
4.2 
5.4 
1.0 
0.8 
1.0 
0.8 
0.9 
0.8 
0.9 
1.0 
1.0 
0.8 

1 .2  
0.8 
0.9 
1.3 
5.0 
0.8 
0.7 
0.8 
0.9 
0.9 
0.7 
0.7 
0.7 
1.0 
0.7 

Dioxane 
Reference 

6.1 
5.4 
4.2 
3.9 
5.1 
1 .0  
0.7 
1.0 
0.7 
0.8 
0.8 
0.9 
0.9 
1.0 
0.8 

1.1 
0.7 
0.6 
1 .2  
4.7 
0.8 
0.7 
0 .7  
0.8 
0.9 
0.6 
0.6 
0 .7  
0.9 
0.6 

a A mixture o f  t-butylbenzene ( I ) ,  deca l in  (11, c i s : t r a n s  1:4) 
t e t r a l i n  ( I I I ) ,  2-phenylpentane (IV) and 2,3-dimethylnaphthalene 
(V) was made up i n  mole f r a c t i o n s  of 0.1955, 0.2105, 0.2180, 0.1955 
and 0.1805 r e spec t ive ly .  

b According t o  The S a d t l e r  S tandard  Carbon-13 NHR Spect ra6b  
C Peak he igh t s  are normalized t o  t h e  tal lest  peak a t  6125.47 (pro tona ted  

d Peak he igh t s  are normalized t o  t h e  c a p i l l a r y  dioxane peak. Refer t o  
carbons,  I I I c  and Vb) 

foo tno te  a i n  Table I. 
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Table 11. D i s t r i b u t i o n  of Aromatic Carbons i n  H-Coal Liquids by 
S t r u c t u r a l  Types 

Benzene Ring Chemical S h i f t  % D i s t r i b u t i o n  
Carbon Types Range, P P ~  AS0 ASB vso 

CH, OR subst. 111-123 3.4 12.0 9.7 
CH, Unsubst. 123-130 53.0 49.2 46.1 
CR, Condensed 130-133.8 11.7 11.4 14.9 

CR, T e t r a l i n  133.8-137.3 13.4 11.5 10.4 

CR, Ary l  h 137.3-149 18.5 15.9 18.8 

C-OR 149-160 a b b 

b r idge  

& Me Subst.  

Branched Alkyl  

a N o  d i s c e r n i b l e  s i g n a l s  a r e  found. 
A few low i n t e n s i t y  s i g n a l s  a r e  observed b u t  they a r e  t o o  sma l l  
t o  i n t e g r a t e .  

Figure 1 Aromatic Regions of t he  Q u a n t i t a t i v e  (A) and Qua te rna ry  Carbon 
Supressed (B) CMK Spec t r a  of t h e  Simulated Coal Liquid.  

A l i p h a t i c  Regions o f  t h e  Quan t i t a t ive  (A) and t h e  Qua te rna ry  
Carbon Suppressed (B) C>R Spec t r a  of  t h e  Simulated Coal Liquid.  

Figure 2 

Figure 3 Aromatic Regions of Q u a n t i t a t i v e  (A) and Quaternary Carbon 
Suppressed (B) CMR Spec t r a  of ASO. 

A l i p h a t i c  Regions of Quan t i t a t ive  (A) and Quaternary Carbon 
Suppressed (B) CMR Spec t r a  of ASO. 

Figure 4 

Figure 5 Aromatic Regions of t h e  Q u a n t i t a t i v e  (A) and Quaternary Carbon 
Suppressed (B) Spec t r a  of ASB 

A l i p h a t i c  Regions of  t h e  Q u a n t i t a t i v e  (A) and Qua te rna ry  Carbon 
Suppressed (B) CMR Spec t r a  of ASB 

Figure 6 

Figure 7 Aromatic Regions of t h e  Q u a n t i t a t i v e  (A) and Qua te rna ry  Carbon 
Suppressed (B) CMR Spec t r a  of VSO 

r igu re  8 A l i p h a t i c  Regions o f  t he  Quan t i t a t ive  (A) and Qua te rna ry  Carbon 
Suppressed (B) CMR Spec t r a  of  VSO 
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